PURPOSE.
Despite considerable efforts, the molecular and cellular events in lacrimal gland tissues initiating inflammatory responses leading to keratoconjunctivitis sicca (KCS), autoimmunity, and Sjögren's syndrome (SjS) have yet to be defined. To determine whether altered glandular homeostasis occurs before the onset of autoimmunity, a temporal transcriptome study was carried out in an animal model of primary SjS. METHODS. Using oligonucleotide microarrays, gene expression profiles were generated for lacrimal glands of C57BL/6.NODAec1Aec2 mice 4 to 20 weeks of age. Pairwise analyses identified genes differentially expressed, relative to their 4-week expression, during the development of SjS-like disease. Statistical analyses defined differentially and coordinately expressed gene sets. The PANTHER (Protein ANalysis THrough Evolutionary Relationships) classification system was used to define annotated biological processes or functions. RESULTS. Temporal transcript expression profiles of C57BL/ 6.NOD-Aec1Aec2 lacrimal glands before, or concomitant with, the first appearance of inflammatory cells revealed a highly restricted subset of differentially expressed genes encoding interactive extracellular matrix proteins, fibronectin, integrins, and syndecans. In contrast, genes encoding interepithelial junctional complex proteins defined alterations in tight junctions (TJ), adherens, desmosomes, and gap junctions, suggesting perturbations in the permeability of the paracellular spaces between epithelial barriers. Correlating with this were gene sets defining focal adhesion (FA) maturation and Ras/Raf-Mek/ Erk signal transduction. Immunohistochemically, FAs were as- T he lacrimal functional unit (LFU) is an integrated system that includes the orbital lacrimal glands, the accessory lacrimal glands, the ocular surface, the meibomian glands, and the connecting sensory and motor neurons. 1 The lacrimal glands, composed primarily of acinar, ductal, myoepithelial, and neural cells, are the major sources of the aqueous fluid coating the ocular surface. Lacrimal gland secretions contain lubricating substances, multiple antibacterial and antiviral proteins, and growth factors that contribute to the health and integrity of the ocular surface. 2 Reduced lacrimal gland secretions represent a leading cause of aqueous-deficient dry eye syndrome, especially as observed in Sjögren's syndrome (SjS), an autoimmune exocrinopathy with an increasing prevalence in the general population, especially in postmenopausal women.
SjS is classified as a chronic progressive autoimmune rheumatic disease primarily of the lacrimal and salivary glands that results in hypolacrimation and hyposalivation, respectively. 3, 4 Exocrine gland dysfunction in SjS is thought to result from a combination of proinflammatory cytokine production capable of inducing cellular apoptosis, synthesis of autoantibodies reactive with the muscarinic acetylcholine and adrenergic receptors capable of inhibiting parasympathetic neural stimulation of secretion, and the direct cytotoxic action of infiltrating T cells (possibly including CD4
ϩ T H 17 cells). 5, 6 This multicomponent attack leads to a chronic, progressive loss of acinar cell mass with ductal epithelial cell hyperplasia and, in the human disease, severe fibrosis. Despite widespread efforts to define the genetic, environmental, and immunologic bases of SjS, the underlying etiology of this disease remains ill defined.
To study the immunopathophysiological nature of SjS, a variety of mouse models have been developed representing different facets of the human disease. 7, 8 Based on results of studies using nonobese diabetic (NOD) mice and various single-gene knockout (KO) congenic partner strains of NOD, we have postulated that the development and onset of autoimmune exocrinopathy can be divided into a series of distinct consecutive, temporal, yet overlapping phases. 7, 9, 10 In brief, the earliest phase, seen between 6 to 10 weeks of age, is characterized by aberrant genetic, physiological, and biochemical activities, resulting presumably from retarded gland devel-opment and increased acinar cell apoptosis. In the subsequent phase, occurring around 10 to 16 weeks of age, exocrine gland pathology is observed in conjunction with the appearance of leukocytic infiltrates and the formation of lymphocytic foci consisting mostly of T and B cell aggregates. In the late phase, usually detected after 18 weeks of age, an overt clinical disease is seen defined by measurable loss of salivary and lacrimal gland secretory function, 7, 11 postulated to be antibody mediated. These latter two stages of disease tend to demarcate innate versus adaptive immune responses.
Although the exact factors driving the early physiological changes that initiate the innate and subsequent autoimmune response in SjS remain unknown, altered glandular homeostasis with associated pathologic changes are hypothesized to be the basis for why autoreactive T cells eventually attack exocrine gland tissues. 12 Aberrant proteolytic activity, elevated apoptosis, downregulated EGF gene expression, and upregulated expression of multiple genes associated with tissue homeostasis are commonly observed before and independent of detectable autoimmunity. [13] [14] [15] Thus, unique gene sets, signaling pathways, and various molecular networks reflecting these early pathologic alterations are hypothesized to correlate with temporal changes in expression during the earliest stages of SjS. This concept has been strongly supported by our recent microarray studies of differentially expressed genes in the salivary and lacrimal glands, defining the development and onset of sicca syndrome in the NOD-derived C57BL/6.NODAec1Aec2 mouse model of primary SjS. 16 -18 However, a serious gap remains in our understanding of the earliest glandular and cellular events associated with initiating inflammation that evolves into chronic autoimmunity. Therefore, the goal of the present work has been to define early glandular events by identifying gene networks exhibiting coordinated early-stage changes in expression. We hypothesize that such differential gene expression will provide an in-depth snapshot of molecular events associated with the pre-autoimmune or early autoimmune phase of SjS. Results of the present study point directly to activations of interepithelial junctional complexes and to the concomitant maturation of focal adhesions (FAs) expressed by leukocytes infiltrating lacrimal glands.
MATERIALS AND METHODS

Materials
C57BL/6.NOD-Aec1Aec2 and C57BL/6J mice were bred and maintained under specific pathogen-free conditions within the Department of Pathology's Mouse Facility with oversight by Animal Care Services at the University of Florida, Gainesville. RNA purification kits (RNeasy Mini-Kits; Qiagen, Valencia, CA) were purchased, and hybridizations were performed (GeneChip Mouse Genome 430 2.0 Arrays; Affymetrix Carlsbad, CA). Reverse transcriptase (M-MuLV) was purchased from New England Biolabs (Ipswich, MA), supermix (iQ SYBR Green) was purchased from Bio-Rad (Hercules, CA), PCR primers were purchased from Integrated DNA Technologies (Coralville, IA), and antiphosphorylated paxillin (sc-101774) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Blocking reagent (CytoQ Background Buster) was obtained from (Innovex Biosciences, Richmond, CA), whereas rabbit serum, goat serum, avidin/biotin blocker, diaminobenzidine substrate, biotinylated goat anti-rabbit IgG, biotinylated horseradish peroxidase, and ABC kits (Vectastain) were all purchased from Vector Laboratories (Burlingame, CA).
Methods
Animals. Although SjS in humans is most common in postmenopausal women, male mice were used exclusively in the present study because we have noted a qualitatively stronger disease in the lacrimal glands of male C57BL/6.NOD-Aec1Aec2 mice over age-matched female mice. Both C57BL/6.NOD-Aec1Aec2 and C57BL/6J mice were maintained on a 12-hour light/12-hour dark schedule and were provided food and acidified water ad libitum. Differential Gene Expression Analysis. Microarray data were normalized using the "robust multiarray average" algorithm and analyzed using the LIMMA (Linear Models for Microarray Analysis) package from the R Development Core Team (The R Project for Statistical Computing, http://www.r-project.org) to perform differential expression analyses. LIMMA takes into account the correlation between replicates and uses the empiric Bayes approach, which gives stable inferences for relatively small numbers of arrays. 19 The "fdr" method to adjust the P values for multiple testing was used to control the false-discovery rate. 20 Pairwise comparisons between the five groups were made to assess the genes as differentially expressed at 8, 12, 16, and/or 20 weeks of age compared with the 4-week expression.
Verification of Selected Gene Expression by Real-Time
Polymerase Chain Reaction Analysis. Total RNA samples were prepared from lacrimal glands isolated from 8-week-old C57BL/6J or 5-and 9-week-old C57BL/6.NOD-Aec1Aec2 male mice, as described. Aliquots of each RNA preparation were used to synthesize cDNA, and the cDNAs were quantified by spectrophotometry. Real-time PCR was carried out (iCycler with iQ SYBR Green Supermix; Bio-Rad, Hercules, CA) in accordance with the manufacturer's instructions. Sequences of the primers used are listed in the legend to Supplementary Fig. S1 (http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.11-7652/-/DC Supplemental). Cycling parameters of amplification were as follows: 3 minutes at 95°C, 50 cycles of 95°C for 30 seconds, and 63°C for 30 seconds. This was followed by melting curves, with 100 cycles starting at 60°C for 10 seconds with an increase of 0.4°C per cycle. Results shown in Supplementary Figure S1 (http://www.iovs.org/lookup/ suppl/doi:10.1167/iovs.11-7652/-/DCSupplemental) are comparisons between real-time PCR and microarray data.
Indirect Immunohistochemical Staining. Lacrimal glands, ex-
planted from mice at the times indicated in the text, were embedded in paraffin and sectioned to a thickness of 5 m. Antigen retrieval was performed in 25 mM Tris/EDTA buffer, pH 9.1, followed by incubation with blocking reagent (CytoQ Background Buster; Innovex Biosciences). After sections were blocked with goat serum and avidin/biotin blocker, each was incubated overnight at 4°C with antiphosphorylated paxillin. Isotype controls were performed using rabbit IgG. Slides were washed for 5 minutes and incubated for 30 minutes in biotinylated goat anti-rabbit IgG followed by biotinylated horseradish peroxidase using ABC kits (Vectastain; Vector Laboratories). Staining was developed by the addition of diaminobenzidine substrate and was counterstained with hematoxylin. Images were taken using a Zeiss (Oberkochen, Germany) microscope fitted with a camera (AxioCam MRc5; Zeiss).
RESULTS
Changes in Lacrimal Gland Homeostasis of C57BL/6.NOD-Aec1Aec2 Mice during the PreAutoimmune Phase of SjS-like Disease Is Defined by a Highly Restricted Number of Differentially Expressed Genes Encoding ECM Molecules
Epithelial tissues rely heavily on the extracellular matrix (ECM) to maintain structure, function, integrity, and homeostasis. ECM encompasses the connective tissue (the stroma) and the basement membrane (sometimes referred to as the basal lamina). Epithelial cells bind to several products in the basal lamina, many of which are secreted by the epithelial cells per se, while others are secreted by cells residing in the stroma. As such, changes in ECM molecules should indicate the first signs of homeostatic changes in epithelial tissues of the lacrimal glands. Major proteins of the basement membrane include fibrillar, nonfibrillar, associated, and transmembrane collagens (e.g., collagen I, collagen IV, collagen VI, and collagen XVII, respectively), microfibrillar proteins (e.g., the fibulins, fibrillins, emilins, and elastin), hyaluronan and the hyalectans (e.g., aggrecan, brevican, neurocan, and versican), proteoglycans (e.g., biglycan, decorin, agrin, bamacan, dystroglycan, and perlecan), and noncollagenous glycoproteins (e.g., fibronectins, laminins, tenascins, thrombospondins, and entactins. 21 In addition, a subset of integrins is associated with ECM, bridging epithelial cells with basement membrane proteins.
Previously published histology of lacrimal glands in C57BL/ 6.NOD-Aec1Aec2 mice revealed a normal appearance in glandular architecture at 4 weeks of age, equivalent to parental C57BL/6J mice. 22, 23 Based on these observations, we selected the 4-week time point as the baseline for temporal analyses in this study. Therefore, genes differentially expressed after 4 weeks of age, yet earlier than 16 weeks of age, should correlate with one or more manifestations of aberrant glandular homeostasis representing a definable pathologic process. Temporal microarray analyses of lacrimal glands from C57BL/6.NODAec1Aec2 mice between 4 and 20 weeks of age indicate that the vast majority of genes encoding ECM components showed either static or reduced expression over the entire time frame examined ( Supplementary Fig. S2 , http://www.iovs.org/lookup/ suppl/doi:10.1167/iovs.11-7652/-/DCSupplemental). For example, of 38 genes encoding either a collagen or a collagen subunit, only three (Col6a3, Col18a1, and Col9a3) were upregulated, and then only weakly. Genes encoding the other 35 collagen subunits exhibited either no temporal changes in expression compared with the 4-week time period or decreased expression. Similarly, of the genes encoding hyalectins, proteoglycans, and microfibrillar proteins, only Bgn (encoding biglycan), Agrn (encoding agrin), and Cspg6 (encoding chondroitin sulfate proteoglycan, subunit 6) were found to be temporally upregulated. Of the many genes encoding noncollagenous glycoproteins, only Fn1 (encoding fibronectin), Thbs1 (encoding thrombospondin-1), and 2 of the 4 profilin-encoding genes (Pfn1 and Pfn2) showed a temporal differential expression, whereas no changes in expression were observed for the lamins, tenascins, or nidogens. Lastly, of the 18 alpha and 8 beta subunits that make up the 24 unique integrins, 24 only three beta subunit genes (Itgb2, Itgb5, and Itgb4) plus two alpha subunit genes (Itg␣v and Itgax) exhibited differential expression. Although these differentially expressed integrin subunit genes could encode theoretically for six integrins, only two, ␣x␤2 and ␣v␤5, are known functional integrins. Integrin molecule ␣x␤2, also known as CR4, 25 is involved in phagocytosis of apoptotic cells, whereas integrin molecule av␤5 is involved in cell adhesion to ECM, focal adhesion development and possibly phagocytosis. The major ligands for ␣v␤5 include vitronectin and fibronectin involved in cell adhesion, plus thrombospondin-1, 26 a molecule that can bridge integrin ␣v␤5 to phosphatidylserine (PS) on apoptotic cells. Overall, these data suggest that only minimal structural changes involving the interface between the ECM and the acinar epithelium are occurring in the lacrimal glands, and this corresponds to the observation that, at most, only subtle changes in the architecture of lacrimal glands are detected by immunohistologic analyses.
Temporal Changes in the Expression of Genes Encoding Interepithelial Junctional ComplexAssociated Proteins
The interepithelial junctional complexes in epithelium, whose role is to maintain functional barriers and to regulate junctionassociated signaling, consist of protein complexes forming tight junctions (TJs), gap junctions (GJs), adherens, desmosomes, and FAs. 27, 28 These complexes have been shown to be highly dynamic, controlling the movement of solutes and cells through the paracellular spaces. It is not surprising then that these complexes are important, not only for mechanical adhesions and for linking cytoplasmic structures between adjacent cells but also for growth, differentiation, morphogenesis, migration, and extrusion of apoptotic cells, the latter of which is considered important in light of the elevated acinar cell apoptosis seen in the exocrine glands of SjS patients and animal models.
The most apical junctional complexes in epithelium are the TJs. TJs can consist of zona occludens (ZO) protein complexes, PALS1-ALS-associated protein complexes, and/or partitioningdefective (PAR-3/PAR-6) protein complexes. Recent studies 29 have reported that human salivary glands express primarily the ZO complexes consisting of ZO-1, JAM-A, Occludin-1, and Claudins-1, -2, -3, -4, and -16. TJ proteins present in the mouse include occludin-1 (encoded by Ocln1), 20 claudins (encoded by Cldn1 up to Cldn23), three junction adhesion molecules (encoded by Jam2, Jam3, and Igsf5), the membrane-associated guanyl kinase inverted proteins (Magi1-Magi3), multi-PDZ domain protein, Mupp-1 (encoded by Mpdz), the partitioningdefective proteins (Par1-Par6), the protein-associated with Lin-7, Pals-1 (encoded by Mpp5), the Pals-associated tight juncture protein, Patj (encoded by Inadl), scribble (encoded by Scrib), the zonal occludins ZO-1 and ZO-2 (encoded by Tjp1 and Tjp2), and the recently described lacrimal gland-associated Angiomotin-like protein-1 (Amotl1 encoded by Amotl1). Of these, only Tjp1, Tjp2, Amotl1, Igsf5, Cldn3, Cldn7, Cldn8, and Cldn12 were differentially expressed in a temporal fashion in C57BL/6.NOD-Aec1Aec2 lacrimal glands (Fig. 1A) . These eight TJ proteins strongly suggest changes in the ZO protein complexes in the absence of changes in either the Pals1-Als or Par-3/Par-6 complexes.
Connexins, encoded by Gpa and Gjb gene families, are membrane-spanning proteins that make up gap junctions, or channels that link the cytoplasm of adjacent cells. 30 Of the 15 GJ-associated connexin genes represented on the microarray, only three exhibited temporally upregulated expression in the lacrimal glands of C57BL/6.NOD-Aec1Aec2 mice: Gja1, with a strong optimal expression at 16 weeks of age, plus Gjb1 and Gjb2, with weaker optimal expression around 12 weeks of age (Fig. 1B) . Neither Gjb3 nor Gjb4 showed any changes in expression.
Adherens junctions and desmosomes are intercellular structures that connect actin cytoskeletons and intermediate filaments, respectively, between adjacent cells. 31, 32 Molecules of the adherens junctions (composed of the cadherin family of proteins, such as the catenins, procadherins, and cadherins) can interact directly with the proteins of TJs, whereas desmosomes can interact indirectly with integrins through the intermediate filaments to initiate intracellular signaling. Of the Ͼ60 genes encoding cadherin family proteins, only Cdh1 (encoding cadherin-1), Pcdh1 (encoding procadherin-1), Ctnna1 (encoding ␣-catenin), and Ctnnd1 (encoding ␦-catenin) exhibited upregulated expression in the lacrimal glands of C57BL/ 6.NOD-Aec1Aec2 mice between 8 and 12 weeks of age (Fig.  1C) . Pcdh9, which showed no temporal changes in gene expression, is representative of the other cadherin family genes.
Lastly, desmosomes consist of two interdigitating plasma membrane proteins, desmoglein, encoded by Dsg, and desmocollin, encoded by Dsc. Each of these molecules attaches to the Jup-encoded protein, plakoglobin, which also binds with plakophilin, encoded by 1 of 4 separate Pkp genes, and desmoplakin, encoded by Dsp. Plakophilin, in turn, interacts with the intracellular intermediate filaments, especially keratin-10 (encoded by Krt10) or keratin-14 (encoded by Krt14). Of the five different protein families that form the desmosome complexes, genes encoding at least one member of each family were upregulated (Fig. 1D) . Interestingly, Krt14, but not Krt10, was also upregulated.
Differential Gene Expression in Lacrimal
Glands of C57BL/6.NOD-Aec1Aec2 Mice Implicate FA Maturation, Assembly, and Disassembly
As described, integrins such as ␣v␤5 are considered major transmembrane components of focal adhesion, yet they interact with numerous other transmembrane molecules such as members of the tetraspan proteins of the Tm4sf protein family, the integrin-associated protein CD47, and the syndecan molecules. CD47 appears to regulate cell migration through its ligands, the thrombospondins, 33 whereas the syndecans not only bind to ECM molecules such as fibronectin and have a propensity to bind growth factors, they also participate in regulating PKC␣, important in orchestrating FA formation/ maturation and activation of signaling pathways. 34 Syndecan-4, when overexpressed, can induce cortical actin to rearrange into stress fibers. Two additional membrane-associated molecules of interest are calreticulin, a chaperone protein that regulates integrin-dependent adhesions, 35 and calnexin, a protein that facilitates heterodimerization of integrin subunits in FAs. 36 Importantly, the genes encoding tetraspan protein Tmem51 (Tmem51), CD47 (Cd47), calreticulin (Calr), and calnexin (Canx) and the transmembrane proteoglycans syndecan-1, -3, and -4 (Sdc1, Sdc3, and Sdc4) were all coordinately upregulated in the lacrimal glands of C57BL/6.NOD-Aec1Aec2 mice during the early stage of pathology, 8 to 12 weeks of age, similar to integrin ␣v␤5 ( Fig. 2A) . Sdc2 was neither upregulated nor exhibited differential expression.
Proteins that interact with cytoplasmic domains of integrins, especially Itg␤ subunits in FAs, include a number of cytoskeletal proteins, among them talin (encoded by Tln), ␣-actinin (encoded by Actn1), and ␣-filamin (encoded by Flna), 37 plus several regulatory proteins, especially FAK (encoded by Ptk2), Src kinase (encoded by Src), Pip2 (encoded by Pk3c genes), PKC␣ (encoded by Prka), paxillin (encoded by Pxn), vinculin (encoded by Vcn), and synectin (encoded by Gipc1), synbindin (encoded by Trappc4), tensin-1 (encoded by Tenc1), and zyxin (encoded by Zyx). 38 Similarly, one protein that interacts specifically with cytoplasmic domains of the Itg␣ subunit is the calcium-and integrin-binding protein Cib1 (encoded by Cib1). 39 As presented in Figure 2B , a majority of these genes show coordinated and upregulated expression in the lacrimal glands of C57BL/6.NOD-Aec1Aec2 mice between 8 to 12 weeks of age, whereas a small set is differentially expressed between 12 to 16 weeks of age. It is well documented that a stepwise recruitment of integrins to FAs, together with specific sets of these diverse integrin-associated proteins, occurs after oligomerization of syndecan molecules. 28 Anchored to FAs in migrating cells are actin filaments (microfilaments) that, along with actin cross-linking proteins and myosin motors, make up stress fibers. In fact, Pasapera et al. 40 recently showed that the recruitment and association of FAK, vinculin, ␣-actinin, and zyxin to FAs requires myosin II contractility. Myosin motors move along the actin filaments to exert their tension and are critical for mediating the phosphorylation of paxillin. Controlling the formation and maintenance of stress fibers are several actin-regulating proteins, including gelsolin (encoded by Gelsolin), gelsolin-like capping protein (encoded by Capg), radixin (encoded by Rdx), and guanine nucleotide binding protein-␤-polypeptide 2-like (or activated protein kinase C receptor encoded by Gnb2l1). As shown in Figure 2C , the genes for this set of proteins are coordinately upregulated in the lacrimal glands at 8 to 12 weeks of age. These capping proteins, when removed, permit the activation of actin-polymerization involving cofilin and profilin, two molecules that enhance the disassembly and reassembly, respectively, of actin monomers. Also binding to stress fibers and interacting with vinculin and zyxin at the leading edge of spreading lamellipodia of migrating cells is Vasp (vasodilatorstimulator phosphoprotein encoded by Vasp), whose interaction with profilin underlies recruitment of the actin monomers to growing filaments. 41 Temporal analysis of Vasp indicates that this gene is also upregulated between 8 and 12 weeks of age (Fig. 2C) . Lastly, immunohistochemical staining of lacrimal gland sections for phosphorylated paxillin, used as a surrogate for FA assembly, revealed that FAs are not only associated with resident mononuclear leukocytes at 4 and 9 weeks in C57BL/ 6.NOD-Aec1Aec2 mice, they are also at the leading edges of infiltrating leukocytes at later time points (Fig. 3) .
FA Activation of the Ras/Raf-MAPK Downstream Signal Transduction Pathways
If the integrin-syndecan receptor system is associated with homeostatic changes observed in lacrimal gland tissue of SjSsusceptible C57BL/6.NOD-Aec1Aec2 mice, it is reasonable to expect the activation of downstream signal transduction pathways. One important pathway activated by FA maturation involves Ras/Raf-Mapk signaling. Thus, genes encoding Grb2 (Grb2), Sos (Sos2), Ras (Ras-GTP), Raf (Raf1), Mek (Mapk2k1), and Erk1/2 (Mapk3 and Mapk1, respectively) should exhibit a coordinately upregulated differential expression profile. As presented in Figure 4 (left), temporal expression profiles for these genes revealed that each was markedly upregulated in the lacrimal glands between 8 and 12 weeks of age. These data are consistent with our previous findings that the genes of this signaling pathway are upregulated in the salivary glands of C57BL/6.NOD-Aec1Aec2 mice compared with salivary glands of age-matched C57BL/6J mice. 16 -18 Erk1/2 can activate one of the nuclear Rsk factors, which, in turn, interacts with the CBP-p300 complex, leading to the subsequent phosphorylation and activation of c-Fos. Alternatively, Erk1/2 can phosphorylate c-Fos directly, because both molecules can associate with the intermediate filament the transcription of c-Fos and c-Jun. As presented in Figure 4 (right), Lmna, c-Fos, and c-Jun, but not Rsk (encoded by Rps6Ka3), CBP (encoded by Crebbp), or p300 (encoded by E1abp300), exhibited strongly upregulated expression at 8 weeks of age. In contrast, c-Fos, c-Jun, Rps6Ka3, Crebbp, and E1abp300 expression was upregulated at 16 weeks of age. Considered in total, these data suggest a highly restricted activation of transcription in the lacrimal glands of C57BL/ 6.NOD-Aec1Aec2 mice in the preautoimmune phase, and two distinct signaling pathways are involved, each at a different time point.
DISCUSSION
In the present study, we used microarray transcriptome technology to identify genes whose temporal expression was differentially upregulated during the early stages of SjS-like disease development (i.e., between 4 and 16 weeks of age) occurring within the lacrimal glands of C57BL/6.NODAec1Aec2 mice, a model of primary human SjS. In addition, we took advantage of the fact that the development of SjS-like disease in C57BL/6.NOD-Aec1Aec2 mice progresses through well-defined sequential, yet continuous, covert pathologic stages that result eventually in the onset of overt clinical manifestations, including hypolacrimation and hyposalivation. 7, 11 This latter feature permits correlating changes in gene expression identified by microarray, a technology that can potentially provide both false-positive and false-negative data, with changes in glandular histopathology and the aberrant biochemical and physiological manifestations already well defined in the glands of these SjS-susceptible mice, 17, 18 thereby providing general validations for the differential gene expression.
Results presented here reveal temporal changes in gene expression that, when considered in total, identify a set of specific, highly linked cellular processes associated with changes in interepithelial TJ complexes concomitant with an apparent induction of FAs and Ras/Raf-Mapk signal transduction pathway activation. Interestingly, changes in TJ complexes have been described in salivary glands of SjS patients, providing a logical means for exposure of the acinar cells to proinflammatory cytokines. 42 The fact that our temporal microarray gene profiles also demonstrate that an overwhelming majority of genes are not differentially expressed in the lacrimal glands of C57BL/6.NOD-Aec1Aec2 mice during the early development of SjS adds even greater significance to the few genes identified as temporally (and coordinately) upregulated. Most significant, however, is the fact that these sets of differentially expressed genes point to critical pathophysiological changes that provide both a comprehensive molecular basis for early development of a chronic inflammatory response and the foundation on which to generate molecular modeling that can now be investigated in greater detail at the epigenetic and protein levels.
Based on the limited sets of genes differentially expressed in the lacrimal glands, we propose that alterations occurring during the preautoimmune phase involve interepithelial TJ complexes and appearance of FAs; however, the relationship between changes in TJ complexes and activation of genes encoding proteins associated with FAs remains to be determined. Although we favor the concept that both these events identify glandular changes associated with infiltration of recruited macrophages and dendritic cells, known to occur in the exocrine glands of C57BL/6.NOD-Aec1Aec2 mice between 8 and 12 weeks of age, we have yet to rule out other possibilities, such as the extrusion of apoptotic cells with concomitant glandular cell hyperplasia. Similarly, we are confronted with an activation of the Ras/Raf-Mapk signaling pathway, a pathway identified as upregulated in the salivary glands 16 and simultaneously used by multiple cellular receptors in signaling. Even though this signaling pathway can be activated by a variety of cellular events, we now suspect that its activation in the lacrimal glands results from the induction of FAs. However, unlike what occurs in the salivary glands, in which Ras/Raf-Mapk signaling appears to flow directly through Erk1/2 to c-Fos/cJun, this signaling pathway appears to flow first directly through Erk1/2 to AP-1 (8 weeks of age), followed by a second activation through the Rps6Ka3/CBP-p300 pathway (16 weeks of age). Sorting out these pathways will require further studies.
Although transcriptome data suggested that only two beta integrin subunits, Itg␤2 and Itg␤5, exhibit temporal differential expression, it is important to note that Itg␤1 is constitutively expressed at high levels in the lacrimal glands (as shown in Supplementary Fig. S1 , http://www.iovs.org/lookup/suppl/ doi:10.1167/iovs.11-7652/-/DCSupplemental). One function of Itg␤2 (or LFA-1) is the adherence of macrophages to ICAM-1 on epithelial cells, whereas one function of integrin ␣v␤5 involves the activation of FAs, even though Itg␤5 is not known to localize to FAs. 43 Because FAs are initiated through activation of the extracellular regions of various integrins by means of cytoplasmic tail interactions with the vinculin-and actin-binding molecule talin, one might predict that Itg␤1 is also involved in this process. In any event, recruitment of the adaptor molecule paxillin appears to be critical in initiating clustering of integrins into FAs, which, in turn, recruits actin-bundling of ␣-actinin that, in conjunction with talin, forms bonds between the integrins and the actin cytoskeleton. Myosin II transmits tension along stress fibers as part of the ␣-actinin/actin network to the integrin-ECM linkage, promoting the elongation of adhesion-associated actin bundles and zyxin accumulation. Myosin II-dependent recruitment of vinculin to FAs is a result of FAK/Src-mediated phosphorylation of paxillin, thereby promoting the recruitment and accumulation of vinculin that further propels FA maturation. This sequence is depicted in Figure 5 , summarizing the results of the present study. The fact that Tln is optimally expressed at 8 weeks of age, while Vcl and Actn are optimally expressed at 16 weeks of age, is consistent with FA-activation associated with two events, but this too will require further study. Nevertheless, we believe that phosphorylated-paxillin represents a surrogate molecule for identification of FA maturation and assembly, and immunohistochemical staining clearly revealed that the appearance of FAs is associated with the infiltrating leukocytes.
As early as 1999, Sondermann et al. 44 reported that the molecular composition of FAs can be modified by both the environment and the physical state of the ECM, even to the point that quantitative differences will exist in FA components. Assembly and disassembly of FAs occur in a stepwise process involving primarily ␤-integrin subunits, with sequential association of a wide range of various FA-assembling proteins. 28, [45] [46] [47] FA assembly involves the recruitment of multiple molecules that can activate the Ras/Raf-Mapk signaling pathway and/or the formation of stress fibers. At the same time, FA disassembly, which also involves the phosphorylation of junctional plaques, is achieved through the Cdc42/Rac1 effectors, two factors whose genes are highly upregulated in both the lacrimal and the salivary glands of Integrins represent the principal cell surface adhesion receptors mediating cell-ECM adhesion plus lateral association with cell surface proteins that, in turn, provide bidirectional signaling across membranes. Integrin clustering occurs through ECM contact, an event that initiates intracellular aggregation of signaling molecules that then activate nonreceptor tyrosine kinases and increased tyrosine phosphorylation of proteins subsequently recruited to the integrin-ECM adhesion. The specific makeup of the integrin-binding proteins such as talin, adapter molecules such as paxillin or vinculin, and enzymes such as Src that are subsequently recruited, determines the downstream function. In the present study, the differentially expressed genes suggest cell emigration and contractility, consistent with the immunohistochemical staining of lacrimal gland tissue during the development of disease. C57BL/6.NOD-Aec1Aec2 mice. 17, 18 This cycling depicts a molecular turnover that occurs during cell motility, 28 leading us to hypothesize that the temporal profile of differentially expressed genes in the lacrimal glands of C57BL/6.NODAec1Aec2 mice represent, at least, the influx of leukocytes in response to glandular injury. From this perspective, then, the different temporal expression of Flna, Tln, Acta2, and Tpm1 (encoding tropomyosin) compared with that of Vcl, Pxn, Actn, Tpm2, and Tpm3 may represent two separate molecular events, perhaps in different cell populations. In light of the argument presented earlier, we surmise that the upregulated gene expression profiles of the coronin family of proteins are indicative of the FA maturation associated with the appearance of phagocytic cells because these actin-associated proteins are known to interact with actin during phagocytosis, with coronin-1 being important for phagosome formation.
In summary, temporal microarray transcriptome analyses can provide a snapshot of the changing biological processes involved in the development and onset of complex diseases, such as SjS, based on coordinated gene expression at any chosen time point in relation to the overall progression of the disease state. Modeling these biological processes based on known immunohistopathology and disease progression focuses attention on possible pathophysiological changes defining the roles of the targeted tissue compared with the host response. However, it must also be kept in mind that such genetic studies as described herein require further investigation to ensure that the gene products of interest are, in fact, functioning consistently with any proposed model based on gene expression as shown by phosphorylated paxillin. Nevertheless, the temporal changes in gene expression during the preimmune period are consistent with our published concept that the lacrimal gland tissues of the C57BL/6.NOD-Aec1Aec2 mice are actively being infiltrated first with cells of the innate immune system and then with cells of adaptive immunity. The fact that the very first detectable sign of the impending autoimmune disease in this mouse model of primary SjS appears to be activation of genes defining FAs and interepithelial junctional complex changes may represent not only the earliest measurable biomarkers of disease but also a critical point for possible future intervention therapies.
